Introduction
Clinical manifestation and pathological changes of neurodegerative diseases have overlap, which include the main pathogenic protein in different parts of different diseases. Although cognitive disorder is the main clinical manifestation associated with Alzheimer's disease (AD), movement and autonomic dysfunctions are very common. 1 In addition to movement disorders in Parkinson's disease, dementia can still be observed, and Lewy bodies (LB) appear in both the spinal cord and in the sympathetic trunk ganglia and also between the heart and the rectum muscle plexus. Research concerning the regions outside the brain tissue of AD patients, particularly with regard to spinal cord pathology, should be strengthened in order to understand the symptoms associated with cognitive impairment of the movement system and its pathogenesis in AD patients. de Calignon et al 2 studied a transgenic mouse model and found that tau pathology progresses from transgene-expressing neurons in the entorhinal cortex to neurons without detectable transgene expression, beginning with the neighboring cells of entorhinal cortex and followed by propagation to neurons downstream in the submit your manuscript | www.dovepress.com
Dovepress

446
guo et al synaptic circuit. Liu et al 3 found that tau protein can spread trans-synaptically along the anatomically connected networks and between connected and vulnerable neurons.
There have been only a few studies on the expression of tau protein and other biomarkers of neurodegeneration in the spinal cord. A study using an animal model of Tg30tau mouse with AD showed that NFT changes in the spinal cord and brain stem occurred prior to those in the forebrain, 4 and recent studies also revealed that impaired axonal transportation is an important pathogenesis observed in neurodegenerative diseases, 5 and phosphorylated tau (p-tau) protein, ubiquitin, and amyloid precursor protein (APP) are the main components of axonal transportation. Another study found that TDP-43 inclusions are not only expressed in the spinal cord in amyotrophic lateral sclerosis but are also present in the AD, Pick's disease, and other diseases. 6 However, the pathogenesis of movement disorders in the AD patients requires further study.
Based on the clinical and experimental studies mentioned earlier, we hypothesized that pathological changes involving motor neurons and the autonomic nervous system may occur in the spinal cord of patients suffering with AD. The aim of this investigation was to study the expression of the biomarkers associated with neurodegenerative diseases in the spinal cord of AD patients.
Materials and methods general clinical characteristics of study subjects
The study included three male patients suffering with AD and whose age ranged from 85 to 96 years (mean: 89.33±5.89 years). Eight subjects served as controls, five had other nervous system diseases (OND group) and three had no severe neurological diseases (two comprised the old control [OC] group and one comprised the middle-aged control [MC] group). Among the controls, seven were male and one was female, and their mean age was 78.86±8.51 years. The age difference between the AD patients and the controls was not significant (P=0.092). The time interval among the AD patients and controls from death to autopsy was 28.66±18.04 and 30.50±13.86 hours, respectively, and the difference was not significant (P=0.371). There were no significant differences in sex, age, and education between the AD patients and controls. Autopsy was done after written informed consent was obtained from the patients family. Both the autopsy and the study were approved by the ethics committee of PLA General Hospital, Peoples Republic of China.
The cause of death and central nervous system (CNS) pathology observed in the AD patients and controls are presented in Table 1 . All the three AD patients presented with dementia, memory loss, and the loss of computing ability; two had mental disorders; two had hallucinations; one had confabulation; two showed personality changes; one had delusion of killing; and two had disorientation. One patient had no aphasia, limb paralysis, or sensory abnormalities but presented with bilateral pathological positive (case 1) and another had bowel and bladder dysfuction (case 2). There are no reports with regard to the walking disorders or other autonomic nervous system lesions ( Table 2) .
Autopsy specimens of brain and spinal cord were obtained from the Tissue Bank of the Institute of Geriatrics, PLA General Hospital, Beijing, People's Republic of China. After reviewing the clinical histories and pathology reports, we selected three definite AD patients based on Khachaturian criteria, the criteria of the Consortium to Establish A Registry for Alzheimer's Disease (CEARD), 7 and Braak-Braak grading criteria. 8 
Preparation of brain and spinal cord tissues
Conventional autopsies were conducted, and brain and spinal cord were harvested and drop-fixed in 10% formalin for 2-4 weeks. The sampling process of brain tissues was performed in accordance with the programs adopted by brain libraries of Massachusetts General Hospital of Harvard University and Austria. Spinal cords were harvested from the T2, T8, T10, L4, and S2 segments (cervical spinal cord was not harvested in this group). After conducting conventional dehydration treatments (Automatic Rotary Dehydrator 4634; Cherry, Japan), paraffin embedding (Paraffin Embedding Machine EG1140H; Leica Microsystems, Wetzlar, Germany), and continuous slicing with a thickness of 7 μm (Slicer RM2135; Leica), the slices were divided into eight sets and were treated with hematoxylin and eosin (H&E) and GallyasBraak stains according to the method described by Braak et al. 9 The slices were also subjected to immunohistochemical cytochemical stainings using six antibodies: anti-Aβ, AT8, anti-synuclein, anti-ubiquitin, anti-APP, and anti-TDP-43.
Sections were dewaxed with water, incubated in 3% peroxide for 15 minutes, and washed with distilled water. Sections were stained to determine the presence of p-tau using mouse monoclonal antibody AT8 (1:200; Innogenetics, Ghent, Belgium) without antigen retrieval. Sections were stained to determine the presence of repaired Aβ1-42 (AntiHuman β-Amyloid (1-42): mouse anti-human monoclonal antibody, 1:200; Dako, Glostrup, Denmark) with formic acid for 3 minutes for epitope exposure. Sections were initially treated with primary antibody agents such as rabbit anti-human α-synuclein polyclonal antibody (1:800; Sigma-Aldrich, St Louis, MO, USA) or rabbit anti-human ubiquitin polyclonal antibody (1:200; Dako) or rabbit anti-human APP C-terminal polyclonal antibody (1:2,000; Sigma) or rabbit anti-human TDP-43 polyclonal antibody (1:1,500; Proteintech Group, Inc., Chicago, IL, USA) and were placed in a humid chamber and kept overnight at 4°C. Then they were washed with phosphatebuffered saline (PBS), incubated with secondary antibody agents for 30 minutes, washed with PBS, and then DAB working fluid was added for color development. Then the sections were stained with H&E stain again, followed by differentiation with 1% hydrochloride alcohol, counterstaining with anti-blue, dehydrating, clearing, and cementing with a neutral gum.
The samples were analyzed using an Olympus BX60 fluorescence microscope.
Results
Neuropathological changes in brain tissue of aD patients
Examples of neuropathological changes that are characteristic of AD are shown in Figure 1A -D. Reduction of hippocampal neurons and granulovacuolar degeneration of the pyramidal cells were observed in the hippocampus CA1 area in all the three AD cases. Senile plaques were detected in the brain cortex and hippocampus, and amyloidosis of 
Neuropathological changes in spinal cord of AD patients
HE staining showed the morphology of the anterior horn cells of the spinal cord and there was no significant difference in the number of the horn cells between the AD and control groups.
Gallyas-Braak-positive neurons and corresponding axons were detected in the ventral horn of lumbar and thoracic spinal cord in all the AD patients (Figure 2A and B) . In cases 1 and 2, Gallyas-Braak-positive axons were observed in each plane.
AT8 immunohistochemistry staining results revealed AT8 positive expression in the spinal cords of all 3 AD patients (Table 3) . 1) In cases 1 and 2, NFT changes were detected in anterior horn cells at the L4 spinal surface, and NFTs were observed to be thickened uniformly or with varied thicknesses and were disorderly arranged ( Figure 2C and D) . 2) Spinal white matter revealed axonal degeneration in all the three cases ( Figure 2E ) and presented with AT8 expression in the glial cells, particularly in the anterior funiculi and spinal anterior joints at the spinal surfaces ( Figure 3A) . However, in the control group, we did not observe NFTs or AT8 expression in the glial cells, except for AT8-positive scattered structures in the spinal T10 plane in case 6, who is in the OND group.
We did not observe Aβ or APP expression in the gray matter and vasculature of each spinal section in both the AD and control groups.
In case 2, we observed LB ( Figure 3B ) in the intermediolateral column of lateral horn in T10 spinal cord, and Notes: NFTs evaluation 8 : adopted Braak-Braak criteria, spinal NFTs grading was divided into five grades referring to the cortex NFTs grading method (0= none, 1= rare, 2= a few, 3= mediate, 4= large amount). Abbreviations: aD, alzheimer's disease; ONDs, other nervous system diseases; Oc, old control; Mc, middle-aged control; DMN, dorsal nucleus of vagus nerve; rN, red nucleus; lc, locus coeruleus; sN, substantia nigra; amyg, amygdala; hippo, hippocampus; F, frontal lobe; P, parietal lobe; T, temporal lobe; O, occipital lobe; ce, cerebellum; NA, not available; NFT, neurofibrillary tangles. (Table 4) .
No characteristic ubiquitin inclusions were detected in the spinal cord of all the three cases suffering with AD. TDP-43-positive inclusions in the neuronal and glial cells of spinal cord in the AD, OC, and MC groups were also not detected.
Discussion
We observed hyperphosphorylated tau protein in the spinal anterior horn cells, glial cells, and axons in the three patients suffering with AD. In the AD cases, NFTs in the brain cortex were in the Braak stage V-VI (Braak-Braak grades), and AT8 expression was observed in neurons, glial cells, and axons of the spinal cord. While in the control group, we did not observe NFTs or AT8 expression in the glial cells, except for AT8-positive scattered structure in the spinal T10 plane in one case.
The spinal cord is in communication with the brain as well as the peripheral nerves and therefore is the logical place to look for disease processes that manifest in both the regions. An increasing body of literature indicates the presence of disease-specific spinal cord histopathology in multiple neurodegenerative diseases, including amyotrophic lateral sclerosis, Parkinson's disease, and other motor neuron diseases. However, for AD, the most common neurodegenerative disease, there have been relatively few published works on spinal cord histopathology. There are only five published studies on tau expression in the spinal cords of AD and normal aging subjects. [10] [11] [12] [13] [14] Wang et al using the Gallyas silver stain, and reported that among a series of centenarians, NFTs and/or NT in the spinal cord were present in 9/10 cases with a clinicopathologic diagnosis of AD, while 7/9 non-demented (ND) cases were positive for these findings, predominantly within the cervical subdivision. 11 Saito et al revealed tau-and/ or Gallyas-positive structures within the spinal cord of all the eleven AD subjects as well as in 7/10 normal controls, and densities were observed to be higher in the anterior horn. 12 Dugger et al investigated, using immunohistochemical methods, the presence of p-tau in the spinal cord of 46 cases with a clinicopathological diagnosis of AD as well as in 37 ND individuals lacking any defined CNS-related clinicopathological diagnosis. Meanwhile, they found cervical cord segments to be the most frequently affected region (96% AD vs 43% ND), followed by thoracic (69% AD vs 37% ND), lumbar (65% AD vs 27% ND), and sacral (53% AD vs 13% ND) regions. Previous literature on NFTs and abnormal p-tau within the human spinal cord is relatively sparse, but the studies indicated that spinal cord p-tau-immunoreactive pathology has important implications for both the pathogenesis and clinical manifestations of AD. 14 An animal study using the Tg30tau mouse that bears the two pathogenic mutations of P301S and G272V revealed that NFTs changes of the spinal cord and brain stem preceded those of the forebrain and a more severe early-stage lesion was found in the spinal cord and brain stem. 4 During the early course of AD, abnormal tau accumulates in the entorhinal cortex and later accumulates in the hippocampus and subsequently in the neocortex. 3 It has been hypothesized that this sequential pattern can be explained by the transsynaptic spread. 3 It was suggested that abnormal tau was transferred to synaptically connected neurons via release of abnormal tau at the synapse. 3 The same trans-synaptic spread mechanism possibly involving a prion-like cascade Case no  T2  T8  T10  L4  S2  DMN  RN  LC  SN  Amyg  Hippo  F  P  T  O  Ce   1  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  2  2  2  2  0  2  3  2  1  0  0  0  0  0  0  0  0  3  2  2  2 Notes: α-synuclein evaluation criteria 20 0= None, 1= mild (scattered lBs or lNs), 2= mediate (at least one lB or few lN in low power vision), 3= severe (at least four lB and/or scattered lN in low power vision), 4= very severe (numerous lB and/or numerous lN). Abbreviations: aD, alzheimer's disease; DMN, dorsal nucleus of vagus nerve; rN, red nucleus; lc, locus coeruleus; sN, substantia nigra; amyg, amygdala; hippo, hippocampus; F, frontal lobe; P, parietal lobe; T, temporal lobe; O, occipital lobe; ce, cerebellum; Na, not available; lB, lewis bodies; lN, lewy neuritis.
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aD spinal neuropathology might explain our findings of AT8 in the spinal cord of AD patients. Hyperphosphorylation of tau protein is known to be involved in axonal transport stabilization and promotion of microtubule polymerization, and it participates in the transport of vesicles and organelles from axons to synaptic terminals. It was also reported that tau overexpression affects axonal transport by obstructing kinesin movement on microtubules, human tau is likely released from terminals and taken up by glia as the axons degenerate. 2, 3, 5, 15 Our study found that AT8 expression in some astrocytes in anterior commissure of the spinal cord suggests that axonal transport barriers cause hyperphosphorylation of tau protein at the axon terminals.
We did observe characteristic expression of α-synucleinpositive structures in the spinal cord of case 2, the patient diagnosed to have AD with LB. In this patient, we observed LB and scattered LN in the intermediolateral column of lateral horn in the thoracic cord, and we also noted scattered LN-like structures in the lateral anterior sacral gray matter without other pathological changes. Ding et al investigated the autopsied brains and spinal cords from 23 Japanese patients living for over 100 years and found that of the ten AD patients, four had LB in their brain tissues and two had positive expression of α-synuclein both in the spinal cords and brain tissues. 16 No cases with independent spinal α-synuclein expression have been previously reported. 17 In case 2, there were α-synuclein-positive structures in the spinal cord and brain stem, which correlated with the accumulation of α-synuclein in his brain tissues. The reason for the bowel and bladder dysfunction in this patient was probably due to the fact that the presence of α-synuclein-positive structures in the spinal cord might result in the occurrence of certain forms of autonomic dysfunction.
In 2006, Neumann et al 18 confirmed that TDP-43 is the major protein component of frontotemporal lobar dementia with ubiquitin and ubiquitin inclusions in amyotrophic lateral sclerosis. Pathological changes of TDP-43 can be observed in approximately 20%-30% of the AD patients. 6 AmadorOrtiz et al found that TDP-43 positive immunoreactivity was correlated with a higher Braak NFT stage. 19 We did not observe TDP-43-positive inclusions in the spinal cord. Neither Aβ nor APP deposition was found in the spinal cord.
In our study, hyperphosphorylation of tau protein was detected in the spinal anterior horn cells, glial cells, and axons in AD patients, and its severity was associated with the presence of NFTs in brain tissue. LB and dispersed LN were encountered in the intermediolateral column of lateral horn in the thoracic cord and the anterolateral region of ventral gray in sacral cord of AD with Lewy Bodies. Based on the results mentioned earlier, the spinal NFTs, NT, and LB in the AD patients may be related to movement disorders or autonomic dysfunction in advanced AD. Varying degrees and different affected areas of hyperphosphorylated tau protein, α-synuclein, and other lesions in the spinal cord of AD patients indicate that different lesions may play a different role in the pathogenesis of AD, which might be associated with the transsynaptic transmission caused by hyperphosphorylation of tau protein and α-synuclein. However, the specific pathogenesis and clinical significance still requires further study. The main shortcoming of this study was a very small sample size.
